We discuss our results on scalar glueball decay in the top-down holographic Witten-SakaiSugimoto model for low-energy QCD and compare with available experimental data, which appear to disfavor the glueball candidate f 0 (1500) but seem to be perfectly consistent with interpreting f 0 (1710) as a nearly unmixed glueball. The holographic model moreover makes definite predictions for future experiments.
Introduction
Quantum chromodynamics (QCD) predicts glueballs, color-neutral bound states of gluons, to show up as flavor singlet mesons beyond those provided by the quark model [1] , but their experimental status is still very unclear [2] . The mass of the lowest glueball state with J PC = 0 ++ is estimated by lattice gauge theory [3, 4] to be in the range 1.5-1.8 GeV, in which the Particle Data Group [5] lists two fairly narrow isoscalar 0 ++ mesons as established, f 0 (1500) and f 0 (1710). Together with the wider resonance f 0 (1370) these are often described in phenomenological models as mixtures of the two isoscalarstates uū + dd and ss and the lightest scalar glueball [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] , but there is not yet agreement whether the glueball is the dominant component of f 0 (1500) or f 0 (1710).
Clearly, further input from a first-principles approach such as lattice QCD with dynamical quarks would be needed, which is however computationally difficult since glueball operators are intrinsically noisy. Moreover, decays are Minkowski-space phenomena, while lattice gauge theory needs to be set up in Euclidean space.
Another first-principles approach to strongly interacting nonabelian gauge theories is provided (for certain theories in certain limits) by gauge/gravity duality, whenever an explicit string-theoretic (top-down) construction is available. Such a construction is in fact to some degree available for the low-energy limit of nonsupersymmetric large N c Yang-Mills-theories through Witten's model [19] based on N c D4 branes in type-IIA supergravity. There the dual gauge theory is nonconformal 5-dimensional super-Yang-Mills theory, where supersymmetry is broken completely through a Kaluza-Klein compactification on a circle with radius M −1 KK . At scales much smaller than M KK one obtains 4-dimensional pure-glue large-N c Yang-Mills theory, whose glueball spectrum has been worked out in [20] . This model has been extended to include N f ≪ N c chiral quarks in a D8 brane construction by Sakai and Sugimoto [21] which features chiral symmetry breaking
accompanied by massless Nambu-Goldstone bosons, with the one corresponding to the anomalous U(1) A receiving a mass through the Witten-Veneziano mechanism.
The Witten-Sakai-Sugimoto (WSS) model has been remarkably successful in reproducing qualitatively, as well as to a surprising extent quantitatively, many aspects of low-energy QCD, while involving essentially only one dimensionless parameter, the 't Hooft coupling λ at the scale M KK , where validity of the supergravity approximation requires λ ≫ 1. Extrapolating down to finite N c = 3, and fixing M KK by the ρ mass, one obtains for example for the decay rates of ρ and ω mesons
when λ is varied between 16.63 and 12.55 such that either the pion decay constant [21] or the string tension in large-N c lattice simulations is matched [22] . Encouragingly, this covers the experimental values, 0.191(1) and 0.0097(1), respectively. It thus seems interesting to explore the predictions of this model for glueball decays. Since the WSS model is formulated in the 't Hooft limit, it predicts narrow decay widths ∝ λ −1 N −2 c and also 1/N c suppressed mixing of glueballs withstates [23] . By contrast, holographic (bottom-up) models in the Veneziano limit of QCD (N f /N c is kept fixed as N c → ∞) [24] naturally have large mixing [25] ; in the WSS model we shall ignore mixing which is absent at our level of approximation.
Glueball decay in the Witten-Sakai-Sugimoto model
In [26] the effective action of the scalar and tensor glueball modes of the WSS model has been worked out in detail, correcting and generalizing previous work [23] . The scalar 0 ++ glueball has vertices withmesons of the form (ignoring derivatives and dropping Lorentz indices)
where π and ρ represent the pseudoscalar and vector meson nonets, but for a lowest-lying glueball with mass well below 2 GeV only ρ and ω will be relevant. The Witten model has in fact more scalar glueball modes than suggested by lattice results. One tower of modes, which contains the lightest mode with ≈ 0.901M KK ≈ 855 MeV, is associated with an "exotic" [20] graviton polarization involving the direction of Kaluza-Klein compactification. In [26] we have argued that this mode (G E ) should be discarded from the spectrum, since the nextlightest scalar, which is a predominantly dilatonic mode (G D ) is more closely related to the standard glueball operator of QCD. Moreover, the latter has a smaller decay width, which seems unnatural when it should figure as the first excited scalar state. 1 The lightest G D mode turns out to have a mass of ≈ 1.567M KK ≈ 1487 MeV, which is in the ballpark indicated by lattice QCD, very close to the mass of f 0 (1500), but also just 14% lighter than f 0 (1710).
In [26] we have calculated the decay pattern of the G D mode by using the vertices (2.1) in tree-level amplitudes with the mass of the scalar glueball set alternatively to that of f 0 (1500) and f 0 (1710) in order to see which, if any, would be compatible with a nearly pure glueball interpretation. 2 The results are shown in Table 1 .
In the case of f 0 (1500), the decay rate into two pions is underestimated my more than a factor of 2, while the dominant decay mode of f 0 (1500) into four pions comes out as about an order of magnitude too small. 3 In [26] we have also calculated the decay into 4π 0 , which is parametrically of higher order and therefore strongly suppressed in the WSS model. The prediction for a pure glueball with the mass of f 0 (1500) is Γ(4π 0 )/M = 4 × 10 −6 . . . 3 × 10 −5 . It should therefore 1 Another, more speculative possibility would be that the exotic scalar mode corresponds to a broad glueball component of the σ -meson in line with the scenario of Ref. [27] , which features a broad glueball around 1 GeV and a narrower one around 1.5 GeV. 2 The extrapolation of the mass of the glueball was accompanied by a rescaling of the dimensionfull glueball couplings such that the dimensionless ratio Γ(G D → ππ)/M is unchanged for massless π. Decays involving the massive vector mesons do however change significantly by phase space factors, because f 0 (1710) is above the 2ρ threshold. 3 Because G D at the mass of f 0 (1500) is below the 2ρ threshold, it may be that the evaluation at its nominal mass underestimates the decay to four pions. Indeed, performing an average over a mass distribution from M − 3Γ tot to M + 3Γ tot (that is about 1.2-1.8 GeV) with a simple Breit-Wigner distribution
, the partial width into four pions increases from (0.003-0.005)M to (0.005-0.007)M, so it remains very small compared to the experimental value of f 0 (1500) ( Table 1 ). For G D at the mass of f 0 (1710), however, the difference between two procedures is tiny compared to the theoretical uncertainty parametrized by the variation of λ . [26] and for the extrapolation to finite quark masses in [29] . Red color indicates a significant discrepancy with a pure-glueball interpretation of the respective f 0 meson. ( * ) Gray color indicates that the PDG ratios for various decay rates have been combined with the branching ratio Br( f 0 (1710) → KK) = 0.36(12) from Ref. [12] . ( * * ) We give two different results for the decay rate f 0 (1500) → 4π depending on whether the rate is evaluated as in [26] at the nominal mass of 1504 MeV (upper entry) or averaged by a Breit-Wigner distribution with experimental width of 109 MeV (cf. footnote 3), which increases the rate somewhat since f 0 (1500) is not far from the 2ρ threshold (while making only little difference in the case of f 0 (1710)). ( * * * ) If one relaxes the assumption in Ref. [29] of a universal coupling of all pseudoscalar mass terms, nonzero ηη ′ rates are possible in the WSS model with finite quark masses. In the case of f 0 (1710) an upper limit of Γ(ηη ′ )/Γ(ππ) 0.04 (i.e. Γ(ηη ′ )/M 0.0005) is obtained, if one requires that prediction for Γ(ππ)/Γ(KK) remains within the current experimental error bar [30] . For f 0 (1500) one can in fact also find a range of parameters, where the various ratios of decays into two pseudoscalars including ηη ′ are roughly reproduced. However, the absolute values of the partial decay widths are then all too small by a factor between 2 and 3. With the most important rate into 4 pions being even more strongly underestimated, the total width Γ/M is then matched even more poorly than in the massless WSS model. (In this case substantial mixing withstates would have to account for the decay pattern.) be almost unobservably small, but according to [5] this decay mode is seen. In [28] one finds Γ( f 0 (1500) → 4π 0 )/Γ( f 0 (1500) → 2η) = 0.8(3), which would correspond to a mismatch with the holographic prediction by two orders of magnitude.
However, f 0 (1500) is anyway rarely considered a nearly pure glueball in the phenomenological literature; if taken as predominantly glue, it usually has substantial admixture of qq. On the other hand, models which regard f 0 (1710) as the preferred glueball candidate do so sometimes with rather smallcomponents [15, 16] . Our results for the decay rate G D → ππ indeed look quite compatible with f 0 (1710), if we combine the result quoted by [5] for Γ(ππ)/Γ(KK) with the branching ratio Br( f 0 (1710) → KK) = 0.36(12) from Ref. [12] .
The dominant decay mode of f 0 (1710), however, is f 0 (1710) → KK, which strongly violates flavor symmetry one would naively expect in glueball decay. A ratio Γ(ππ)/Γ(KK) much lower than 3/4 is frequently attributed to "chiral suppression" of glueball decay [31, 32, 33] according to which the decay amplitude should be proportional to (current) quark masses. The perturbative reasoning appears questionable [18] , in particular in view of effective quark masses produced by chiral symmetry breaking. Indeed, in the massless WSS model glueballs are able to decay into massless pions. There an enhancement of the decays into heavier pseudoscalars may arise through additional couplings of glueballs to the mass terms, which are in fact inevitable when the latter have a diffeomorphism invariant form in the bulk geometry. In [29] two of us have worked out these additional couplings under the assumption of an additional symmetry which corresponds to the absence of a G D ηη ′ coupling. The corresponding results are given in the rightmost column of Table 1 and are found to reproduce the experimental ratio Γ(ππ)/Γ(KK) for f 0 (1710) within one sigma. (This was extended recently in [30] where an upper limit on Γ(ηη ′ ) was derived from the requirement that the flavor asymmetry observed in Γ(ππ)/Γ(KK) remains within the current experimental error.)
If f 0 (1710) is indeed to be identified with a nearly unmixed glueball, the WSS model also predicts a significant branching ratio into four pions as well as into two ω mesons. The latter decay mode is indeed considered as "seen" by the Particle Data Group [5] , namely in radiative decays of J/ψ with a ratio Γ(2ω)/Γ(2π) = 0.78 (32) , which is perfectly consistent with the holographic result shown in Table 1 . In contrast to the situation for f 0 (1500), the WSS model also predicts a substantial branching ratio into four pions at the level of Γ(4π)/Γ(2π) ≈ 2.4. This decay mode is not yet observed in experiment, but is in fact being studied by the CMS-TOTEM experiment through f 0 (1710) → 2ρ 0 [34] . It will be interesting to see how the holographic prediction of Γ(2π + 2π − )/Γ(2π) ≈ 0.8 compares with data.
